Background/Aims: Histone deacetylases (HDACs) play a critical role in the regulation of gene transcription, cardiac development, and diseases. The aim of this study was to investigate whether the inhibition of HDACs improves cardiac remodeling and its underlying mechanisms in a mouse myocardial infarction (MI) model. Methods: The HDAC inhibitor trichostatin A (TSA, 0.1 mg/kg/day) was administered via daily intraperitoneal injections for 8 consecutive weeks after MI in C57/BL mice. Echocardiography and tissue histopathology were used to assess cardiac function. Cultured neonatal rat cardiac fibroblasts (NRCFs) were subjected to simulated hypoxia in vitro. Autophagic flux was measured using the tandem fluorescent mCherry-GFP-LC3 assay. Western blot was used to detect autophagic biomarkers. Results: After 8 weeks, the inhibition of HDACs in vivo resulted in improved cardiac remodeling and hence better ventricular function. MI was associated with increased LC3-II expression and the accumulation of autophagy adaptor protein p62, indicating impaired autophagic flux, which was reversed by TSA treatment. Cultured NRCFs exhibited increased cell death after simulated hypoxia in vitro. Increased cell death was associated with markedly increased numbers of autophagosomes but not autolysosomes, as assessed by punctate dual fluorescent mCherrygreen fluorescent protein tandem-tagged light chain-3 expression, indicating that hypoxia resulted in impaired autophagic flux. Importantly, TSA treatment reversed hypoxia-induced impaired autophagic flux and led to a 40% decrease in cell death. This was accompanied by improved mitochondrial membrane potential. The beneficial effects of TSA therapy were abolished by RNAi intervention targeting LAMP2; likewise, in vivo delivery of chloroquine
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Introduction
Adverse cardiac remodeling accompanied by enhanced cardiac fibrosis results in the progression of heart failure after myocardial infarction (MI) [1, 2] . The fibrosis that occurs during cardiac remodeling is due to an imbalance between the synthesis and degradation of the extracellular matrix (ECM) [3] . Cardiac fibroblasts (CFs), the predominant cell type in the heart, play a key role in the homeostatic maintenance of the ECM [4] . Thus, activated CFs play a key role in the adverse myocardial remodeling after MI and have become an important therapeutic target.
Chromatin remodeling enzymes are triggered during pathological cardiac remodeling. Acetylation and deacetylation of histone proteins are controlled by histone acetyltransferases and histone deacetylases (HDACs), respectively, which regulate the expression of target genes via the relaxation of chromatin and enhanced accessibility to DNA-binding proteins [5, 6] . Small-molecule inhibitors of HDACs are currently being tested for a variety of oncological indications. Recently, suberoylanilide hydroxamic acid and romidepsin (Istodax), a depsipeptide HDAC inhibitor, gained US Food and Drug Administration approval for cutaneous T-cell lymphoma. Currently, there are more than 100 studies exploring the utility of this class of drugs for a variety of malignancies (www.clinicaltrials.gov). Gene deletion and overexpression studies have revealed important functions among several of these enzymes in various pathological cardiac remodeling processes [7] [8] [9] [10] [11] [12] . However, the cellular target or targets-especially in CFs-of these powerful agents against disease progression are largely unknown.
Macroautophagy, also called autophagy, is a tightly regulated intracellular catabolic process that serves as a cellular quality control mechanism for the disposal of damaged and dysfunctional organelles and protein aggregates; thus, it is widely implicated in pathophysiological processes, including cardiovascular diseases [13, 14] . The interruption of autophagy may lead to severe energy metabolism disorder and cell death [15] . Previous studies have suggested that autophagy is activated during various pathological conditions of the heart, such as MI, hypertrophy, and heart failure [16] [17] [18] . Autophagy has been clarified in myocardial ischemia/reperfusion settings, and it is believed that it plays distinct roles in the heart during ischemia and reperfusion. The induction of autophagy in the ischemic phase has a protective effect, whereas reperfusion-stimulated autophagy is implicated in cardiomyocyte death due to impaired autophagosome clearance [19] [20] [21] . However, the functional roles of autophagy in longer term MI remain unclear. A previous study has shown that autophagy triggered by long-term ischemia could be a homeostatic mechanism [22] . HDAC inhibition in a transverse aortic constriction (TAC) model showed profound suppression of load-induced cardiomyocyte autophagy, which could attenuate cardiac hypertrophy [23] . Other studies have demonstrated that HDACi reverses pre-existing systolic dysfunction and myocyte hypertrophy by blunting autophagy [23, 24] . However, it is unclear whether and how HDACi regulates autophagy, especially in CFs during longer term MI.
To address these issues, we designed this study to (i) investigate whether TSA has cardioprotective effects on MI-induced autophagy dysfunction; (ii) clarify the effects of TSA on autophagy in CFs during MI; and (iii) determine the involvement of autophagosome clearance in CFs in TSA-mediated cardioprotective effects. Our results provide new insight into the mechanism of TSA-induced cardioprotection and suggest the potential value of TSA in protection of the heart against MI injury. Cardiac function assessment by echocardiography At 8 weeks post-MI, all animals were anesthetized and underwent transthoracic parasternal short axis M-mode echocardiogram examination using a Vevo 2100 system (Visual Sonics, Toronto, Canada; http:// www.visualsonics.com/). Once a standard cross-section at the papillary muscle level was obtained, M-mode echocardiography was acquired and the images were stored. Fractional shortening (FS), ejection fraction (EF), left ventricular internal diastolic diameter (LVIDd), left ventricular internal systolic diameter (LVIDs), left ventricular diastolic posterior wall thickness (LVPWd), left ventricular systolic posterior wall thickness (LVPWs), interventricular septum thickness at end-diastole (IVSd), and interventricular septal thickness at end-systole (IVSs) were then analyzed for at least five consecutive cardiac cycles and the mean values were calculated.
Histology and immunofluorescence
Whole hearts were harvested and fixed with 2% paraformaldehyde at 41°C for 24 h. Fixed tissues were dehydrated and embedded in paraffin, and 4-µM-thick sections were prepared. Masson's trichrome staining was performed using standard methods. For immunofluorescence, sections were washed in PBS and blocked in 5-10% donkey serum. Sections were incubated with antibodies to P62 (Abcam, Cambridge, UK) and vimentin (Cell Signaling Technology, Danvers, MA) followed by the appropriate secondary antibodies. Samples were viewed using a TCS SP2 confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany).
Neonatal rat ventricular fibroblast isolation, culture, and characterization
Primary cultures of neonatal rat ventricular fibroblasts (NRCFs) were isolated from hearts of 1-2-dayold Sprague-Dawley rats by trypsin and collagenase digestion as described previously [25] , purified by differential preplating, and maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% (v/v) fetal bovine serum (FBS) in a humidified incubator (37°C; 95% air + 5% CO2). Myocytes were removed by selective attachment of nonmyocytes to tissue culture dishes during the preplating procedure. Fibroblasts were grown in DMEM supplemented with 10% (v/v) FBS and used for the experiments within three passages. As reported previously, the purity of fibroblasts can be consistently maintained at 95% on the basis of positive immunostaining for vimentin and negative staining for cardiac myosin heavy chain and Von Willebrand factor. 
Hypoxia treatment in NRCFs and the cell death assay
NRCFs were subjected to hypoxia for 4 h in vitro in an oxygen control cabinet (Coy Laboratories, Grass Lake, MI) mounted within an incubator and equipped with an oxygen controller and sensor for continuous oxygen level monitoring. A mixture of 95% nitrogen and 5% CO 2 was utilized to create hypoxia, and oxygen levels in the chamber were monitored and maintained at < 1%, as described previously [26] . Cell death was detected by using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (G1781, Promega Corp. Madison, WI).
Measurement of mitochondrial membrane potential (ΔΨm)
The cultured NRCFs were incubated with tetramethylrhodamine ethyl ester (TMRE, 50 nmol/L, Molecular Probes, Eugene, OR) for 20 min. After loading, the cells were washed twice with Krebs-Henseleit solution. The cells attached to the coverslips were then transferred to a chamber mounted on the stage of a Leica TCS SP2 confocal laser scanning microscope and underwent simulated I/R perfusion. TMRE-loaded cells were excited at a maximum of 543 nm, and the emitted light was collected at 552-620 nm. Twenty cells were randomly selected in each scan using a ×20 objective lens. Images were analyzed using LAS AF Lite software (Leica Microsystems).
Construction of recombinant adenoviruses
Recombinant adenoviruses expressing short hairpin RNA (shRNA) of LAMP2 (Adsh LAMP2) and LacZ (AdLacZ) were prepared as described previously using the pAdEasy TM vector system (Qbiogene). Briefly, three short hairpin RNA targeting LAMP2 were cloned into reconstituted pShutle-U6 (Qbiogene) and subjected to homologous recombination in bacteria BJ5183 with pAdeasy-1. The recombinant plasmids were propagated separately in HEK 293 cells. Adenovirus encoding mCherry-green fluorescent protein (GFP)-LC3 was purchased from Vigene Bioscience Company, Jinan, China. Adenoviral infection was performed as described previously. After culture of NRCFs for 24 h, adenovirus-directed gene transfer was performed by adding a small volume of FBS-free medium DMEM containing constructed adenovirus at a multiplicity of infection (i.e., the ratio of infectious virus particles to the number of cells being infected) of 50 for 2 h. All experiments were performed after 36 h of adenoviral infection.
Western blot analysis
The border zones of the infarcted hearts were separated and homogenized. Lysates were prepared in buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, and Complete Protease Inhibitor mixture (Roche Applied Bioscience, Mannheim, Germany). Protein concentrations were determined by the Bradford assay using bovine serum albumin standards. Proteins were separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with antibodies against LC3 (Sigma-Aldrich, L8918), p62 (Cell Signaling Technology, #5114), GAPDH (Cell Signaling Technology, #5174), LAMP2 (Cell Signaling Technology, #49067), Bcl2 (Cell Signaling Technology, #2872), and Bax (Cell Signaling Technology, #14796).
Statistical analysis
Data are expressed as the mean ± standard error of the mean. For multiple comparisons, analysis of variance (ANOVA) or repeated ANOVA followed by the least significant difference post-hoc test was used. All analyses were performed using SPSS v13.0 (SPSS Inc., Chicago, IL). A P value < 0.05 was considered statistically significant.
Results

TSA treatment led to improved cardiac remodeling and hence cardiac function after MI
To determine the effect of TSA on the progression of cardiac dysfunction, LAD coronary ligation or sham operated surgery was performed in mice that received either TSA treatment or placebo. Eight weeks after MI, LV wall thickness and LV chamber diameter and function were measured by transthoracic echocardiography. MI resulted in significantly decreased cardiac function, as measured by EF, FS, LVPWd, LVPWs, IVSd, and IVSs, and dilatation of the LV chamber as assessed by LVIDd and LVIDs. TSA significantly improved these parameters 
TSA recovered impaired autophagosome clearance after MI
Previous research has demonstrated that ischemic insult (i.e., a brief exposure of myocardial tissue to ischemia) activates cardiomyocyte autophagy, as evidenced by the increased expression of LC3-II and the numbers of punctate GFP-LC3-bearing autophagosomes. Similarly, MI significantly increased the expression levels of LC3-II and beclin 1, and these increases were reversed by TSA (Fig. 2A, 2B) . Meanwhile, the expression of P62, a specific autophagic substrate protein and hallmark of autophagic flux, was markedly increased after MI but was attenuated by TSA treatment (Fig. 2) . Also, the expression of LAMP2, a critical determinant of autophagosome-lysosome fusion, was decreased after MI but was reversed by TSA treatment (Fig. 2A, 2B ). Our data suggest that MI impaired autophagosome clearance and that this impairment was alleviated by TSA.
TSA protected NRCFs from hypoxia-induced cell death
Next, we set out to determine whether the ability of HDACi to suppress pathological cardiac remodeling is cell autonomous. To investigate, primary NRCFs were isolated and exposed to hypoxia in the presence or absence of TSA. Autophagosome accumulation prevents the clearance of damaged intracellular organelles and proteins, leading to increased reactive oxygen species (ROS) generation, followed by diminished mitochondrial membrane potential, which results in mitochondrial permeabilization and the activation of programmed apoptosis and/or necrosis. NRCFs were subjected to hypoxia (O2 concentration <1%) for 4 h in vitro. As expected, hypoxia increased ROS generation (data not shown) and decreased the mitochondrial membrane potential, and TSA treatment reversed the decreased mitochondrial membrane potential after hypoxia (Fig. 3A) . Impaired autophagosome processing after ischemic stress caused an accumulation of autophagosomebound LC3-II and p62 (Fig. 2) , indicating that impaired autophagosome clearance caused cell death. We further showed that hypoxia-induced NRCF death was inhibited by TSA (Fig. 3B) . MI also resulted in a decrease in Bcl2 and an increase in BAX compared with the sham group, indicating increased apoptotic activity, which was again inhibited by TSA therapy (Fig. 2A) . Autophagy dysfunction in CFs in vivo was further verified by examining the immunofluorescence of P62 in combination with the specific CF marker vimentin. Our results (Fig. 2C) demonstrate that autophagic flux in CFs was impaired after MI and that this was reversed by TSA.
TSA treatment restored autophagic flux after hypoxia exposure
We subjected cultured NRCFs to hypoxia and quantified the relative abundance of autophagosomes and autolysosomes with adenovirus encoding mCherry-GFP-LC3. Adenovirus encoding mCherry-GFP-LC3 helps to distinguish between autophagosomes and autolysosomes. GFP fluorescence 
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Cellular Physiology and Biochemistry is quenched in the acidic pH of the lysosomal compartment, thereby limiting the use of GFP-LC3 for the identification of autophagosomes. However, mCherry continues to fluoresce, and mCherry-LC3 can be used to identify both autophagosomes and autolysosomes. By using mCherry-GFP-LC3 and determining the number of red dots that overlay green dots and appear yellow in merged images, the number of autophagosomes can be evaluated. Red dots that do not overlay green dots and appear red in merged images indicate autolysosome formation. NRCFs cultured in a normoxic environment displayed basal autophagy with intact flux (Fig.  4A) . Hypoxia markedly increased the abundance of autophagic structures and increased the numbers of autophagosomes, but there was no increase in the numbers of autolysosomes (Fig. 4B) . Treatment of CFs with TSA significantly attenuated hypoxia-induced increases in LC3-II and p62 (Fig. 4C) , and it significantly reduced the number of autophagosomes and increased autolysosome formation, as evaluated by Ad-mCherry-GFP-LC3 (Fig. 4A ). Together these findings indicate that TSA inhibits ischemic stress-induced autophagy in cardiac myocytes and improves the hypoxia-impaired autophagic flux.
LAMP2 knockdown and chloroquine treatment abolished TSA-mediated protective effects
To investigate whether the restoration of autophagic flux is involved in the cardioprotective effects of TSA, we constructed an adenovirus encoding shRNA for LAMP2, which is a critical determinant of autophagosome-lysosome fusion. Satisfactory knockdown efficiency was obtained at 48 h post-transfection, as confirmed by western blot (Fig. 5A) . We chose the first shRNA for further investigations. We then examined the mitochondrial membrane potential and cell viability after inhibition of autophagic flux via chloroquine (CQ) and LAMP2 gene knockdown, respectively. Our data suggest that CQ and LAMP2 gene knockdowns both abolished TSA-mediated cardioprotection against loss of mitochondrial membrane potential (Fig. 5B ) and even cell death (Fig. 5C) . Moreover, to assess the involvement of autophagic flux in TSA-mediated cardioprotection, mice were treated with 60 mg/kg intraperitoneal chloroquine with and without TSA and then subjected to ischemic insult. TSA improved the recovery of cardiac function in MI hearts and this was abolished by chloroquine treatment (Fig. 6 ). These findings suggest that the HDAC inhibitor TSA attenuates ischemic injury by modulating autophagic flux.
Discussion
In this study, we demonstrated that 1) autophagosome processing is impaired in CFs undergoing hypoxia treatment and in infarcted hearts; 2) TSA restores autophagosome processing of CFs after hypoxia and in infarcted myocardium; 3) LAMP2 knockdown counteracts TSA-afforded protective effects on CFs; and 4) chloroquine abolishes the TSAinduced cardioprotective effects in MI. These results add to previous findings showing the cardioprotective effects of TSA against MI injury and reveal new mechanisms of TSA for cardioprotection.
Recent work has uncovered the salutary effects of HDAC inhibition in models of heart disease [27, 28] , and we therefore set out to elucidate the mechanisms of HDAC-dependent 
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Cellular Physiology and Biochemistry cardiac plasticity. HDAC activity is required for hypertrophic growth of the myocardium, and the inhibition of HDAC activity can prevent or reverse pathological cardiac remodeling elicited by pressure-overload stress [23] . Moreover, recent studies have demonstrated that HDAC inhibition plays an essential role in the prevention of ischemic injury by the modulation of ventricular remodeling [6] [7] [8] 28] . Consistent with previous findings, our findings show that HDAC inhibition by TSA prevents cardiac modeling after MI and improves the functional recovery of myocardium (Fig. 1) . Therefore, TSA treatment may be of benefit to patients with myocardial contractile dysfunction in MI injury. It is known that autophagy is a hallmark feature of cardiac pathological remodeling and that the administration of HDACi can suppress cardiomyocyte autophagic activity and ameliorate cardiac remodeling [23] . The dynamics and functional role of autophagy during longer term heart ischemia are not clear [29] [30] [31] . In the present study, we observed the dynamics of autophagy in infarcted hearts over a longer period after LAD ligation. We found that autophagic proteins LC3-II, P62, and beclin 1 were significantly increased after MI but decreased after TSA treatment in infarcted myocardium ( Fig. 2A) . Also, the expression of LAMP2, a critical determinant of autophagosome-lysosome fusion, was decreased in MI but reversed by TSA treatment. (Fig. 2B ). It appears that MI impaired autophagosome clearance and this was alleviated by TSA.
There have been no previous reports on the effects of HDACi on CFs, which play an important role in cardiac remodeling, and especially on the effects on autophagic activity in CFs after MI. We isolated primary NRCFs and subjected them to hypoxia with and without TSA treatment. Hypoxia markedly increased the abundance of autophagic structures and increased the predominance of autophagosomes with no increase in autolysosomes. Treatment of CFs with TSA significantly attenuated hypoxia-induced increases in LC3-II and p62 accumulation and was accompanied by reduced autophagosome formation and increased autolysosome formation (Fig. 4) . Our results demonstrate that TSA inhibited ischemic stress-induced autophagy in CFs and improved the impaired autophagic flux induced by hypoxia. Meanwhile, TSA improved mitochondrial function and cell survival in CFs subjected to hypoxia. Moreover, in vivo manipulation of autophagic flux with CQ abolished the TSA-mediated cardioprotective effects (Fig. 6) .
Conclusion
Although previous studies have shown that TSA has a cardioprotective effect against acute MI and ventricular remodeling, it has not been clear whether TSA inhibits autophagy in CFs in infarcted mouse hearts. This study demonstrated that, at least in the context of MI, HDAC inhibition by TSA modulated the autophagic flux of CFs and blunted cardiac remodeling, thus providing novel mechanisms of HDAC inhibition-induced cardioprotection. Given the ever-expanding burden of MI worldwide, our findings warrant further study in patients with heart disease.
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